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The invention relates to digital-to-analog conversion, particularly to 
digital-to-analog conversion operations performed simultaneously with shared 
converter components. 

BACKGROUND - DESCRIPTION OF PRIOR ART 

Digital-to-analog (D/A) conversion is the process of converting a digital 
number value to an analog signal value. D/A conversion is an important feature 
of many digital systems that control, communicate through, or otherwise interact 
with a non-digital environment. 

Important characteristics of D/A converters include precision, number 

H* 

j*i mapping, conversion range, and conversion speed. The precision of a D/A 

j|j converter is often measured by the number of bits allowed for an input digital 

s p number. Four-bit converters are generally considered to be of low precision, 

OS 

p eight-bit through twelve-bit converters are generally considered to be of moderate 

W precision, and sixteen-bit or eighteen-bit converters are generally considered to be 

3: 

□ of high precision. Low precision D/A converters tend to have low 

111 

n i implementation cost and can be very fast. High precision D/A converters tend to 
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have high implementation cost and may be very slow. 

The number mapping of D/A converters is usually a uniform mapping, 
with analog steps of equal size corresponding to each increment in digital number 
value. However, it is not necessarily the case that the mapping is uniform. 
Potential deviations include nonlinear output, non-monotonic output, scale error, 
and output offset. 

With a uniform linear mapping, the precision and the conversion range 
determine the smallest output variation which can be produced by a D/A 
converter. Often, D/A converters are used to drive electrical, mechanical, or 
optical elements which require a large output range, such as radar emitters, 
acoustic speakers, and optical fiber lasers. 
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Finally, the conversion speed is the rate at which a single conversion of a 
digital number value to an analog signal value can be completed. The conversion 
speed limits the rate at which a D/A converter can be re-used for multiple 
conversions and may also limit the bandwidth of analog signals in the application 
for which the D/A converter is used. 

There are several prior art techniques for D/A conversion. These typically 
fall into one of two classes of D/A converters, which are instantaneous converters 
and time-averaging converters. A discussion of the principal varieties of each 
class appears below, with material coming largely from the discussion in the 
second edition of "The Art of Electronics" by Paul Horowitz and Winfield Hill. 
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2; resistors selectively tied to a summing junction. The summing junction is the 

y. input of an op-amp, with the op-amp output proportional to the sum of input 



One simple form of instantaneous D/A conversion uses a tree of scaled 



currents at the summing junction. The current through each resistor is equal to 



jjj voltage across the resistor multiplied the inverse of the resistance value. Each bit 

ifl of a digital number to be converted controls the voltage applied to each resistor, 

jy The most significant bit is associated with the smallest resistor value, while the 

least significant bit is associated with the largest resistor value. 



A major drawback to scaled resistor D/A conversion is that there must be 
a wide range of possible resistor values with tight tolerances on the variation 
allowed for large resistors. This is a particular drawback for high-precision D/A 
converters. A major advantage to scaled resistor D/A conversion is that the 
analog output is available quickly once the bits of the input number have been 
applied. 

A second form of instantaneous D/A conversion uses a ladder of resistor 
values. An R-2R converter requires only two resistor values rather than a wide 
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range of resistor values. The analog output is available immediately on 
application of the bits of the digital input number. 



A third form of D/A conversion uses frequency-to- voltage (F/V) 
conversion. A F/V converter is most useful when the digital input comprises a 
train of digital pulses rather than, for instance, a binary twos-complement number 
representation. The digital pulses are converted directly to analog values by 
averaging them using a low-pass filter. The averaging requires some time, so the 
analog output of the D/A converter is not available immediately. 



A fourth type of D/A converter uses pulse width modulation (PWM). In 
jjj such a converter, the digital input is used to adjust the duty cycle of a pulse 

□ generator. For instance, a digital input number can be compared to an increasing 

ffi 

p count. As long as the count is less than the digital input number, a comparator 

]5 output is in a high state. Once the count is greater than the digital input number, 

Li 

y the comparator output falls to a low state. The counting process is repeated for 

each pulse cycle. To generate the analog output, the comparator output is 
jlj averaged over one or more pulse cycles. 

m 
n 

III A fifth type of D/A converter uses an averaged rate multiplier circuit. A 

rate multiplier produces a sequence of digital pulses at a rate that is, on average, a 
multiple of a known base rate. The pulses are not necessarily periodic, which 
means that their rate must be averaged in order to produce the desired analog 
output. Typically, an averaged rate multiplier D/A converter relies on the load it 
is driving for the averaging. 



A general drawback to all of the prior art D/A converters discussed above 
is that they accept one digital number value as input and produce one analog 
signal value as output. To perform more than one conversion, these D/A 
converters can be re-used in a serial manner, or else they can be replicated with 
the replicas used separately in parallel. 
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There are many applications in which it may be desired to perform large 
numbers of D/A conversions very quickly. An example is image display. 
Consider a display array comprising 640 by 480 display elements, each of which 
should have a brightness with 8-bit precision. Displaying one image on the 
display array requires 307200 D/A conversions. If the display array is used to 
show a video at 30 frames per second, the array requires 9216000 D/A 
conversions per second. Suitable D/A converters, if they were few in number, 
would have to be very fast, or, if they were slow, would have to be large in 
number. 



t SUMMARY 

a 

it 

i; The present invention is a digital-to-analog conversion technique in which 

p| a counter indicates elapsed conversion time in conjunction with a time- varying 

W analog reference signal. A multiplicity of digital number comparators trigger 

q sample-and-hold circuits which acquire analog signal levels when digital number 

jjj values match the count. The invention thus permits parallel D/A conversion with 

III shared circuitry. 
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OBJECTS AND OBJECTIVES 



There are several objects and objectives of the present invention. 



It is an object of the present invention to provide a novel D/A conversion 
technique based on single-slope integration, a technique heretofore used for 
analog-to-digital conversion. 

It is another object of the present invention to allow parallel D/A 
conversion of multiple digital number values to multiple analog signal values 
during a single conversion cycle. 
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It is still another object of the present invention to reduce the cost of D/A 
conversion by sharing circuitry among multiple converters operating 
simultaneously. 

It is another object of the present invention to provide a D/A converter 
which can be used in parallel implementations of analog-to-digital converters 
based on successive approximation. 

It is another object of the present invention to enable simple circuitry for 
D/A conversion that can be designed as a standard block. The standard block can 
Jjjj be replicated to create a D/A converter array. 

is 

OS ... 

jp It is still another object of the present invention to reduce the speed 

jjfj requirements of a D/A converter by implementing parallel conversion of a block 

ISO* 

UJt of digital number values rather than serial conversion of the digital number 



values. 



O 

m 
in 

\%\ Further objects and advantages of the invention will become apparent 

D 

from a consideration of the ensuing description. 



DRAWING FIGURES 

In the drawings, closely related figures have the same number but different 
alphabetic suffixes. 



Fig 1 shows an embodiment of the invention with a digital clock, a counter, a 
digital register, a digital comparator, an analog reference source, and a sample- 
and-hold circuit, for converting a digital number value to an analog signal value. 
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Fig 2 shows an embodiment of the invention with a digital clock, a counter, two 
digital registers, two digital comparators, an analog reference source, and two 
sample-and-hold circuits, for converting two digital number values to two analog 
signal values. 

Fig 3 shows an embodiment of the invention with a digital clock, two counters, 
two digital comparators, an analog reference source, and two sample-and-hold 
circuits, for converting two digital number values to two analog signal values. 

REFERENCE NUMERALS IN DRAWINGS 



N* 2 a digital clock 

P 



4 a first counter 
6 a first count 



Q 

m 

\£i 8 a first digital comparator 

O 

y 10a first digital number value 



12 a first digital register 



III 14 a first digital comparator output 

W 

if I 1 6 a first sample-and-hold circuit 

j*J 18a first analog reference source 

20 a first analog reference signal 
22 a second digital register 
24 a second digital number value 
26 a second digital comparator 
28 a second digital comparator output 
30 a second sample-and-hold circuit 
32 a second counter 
34 a second count 

DESCRIPTION - D/A AND A/D CONVERSION 
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Digital-to-analog (D/A) and analog-to-digital (A/D) conversion are 
important techniques for connecting digital computing devices with the non- 
digital world. Various D/A converters techniques are discussed above. Briefly, 
their main disadvantage is that they process one digital number value input at a 
time, producing one analog signal value at a time as output. Some D/A converters 
provide instantaneous outputs, while others rely on time averaging of digital pulse 
trains. High-precision D/A converters, which might be desirable for some 
applications, tend to have a much slower conversion speed than D/A converters of 
low or moderate precision. 

A/D converters perform the reverse conversion operation. An analog 
input to an A/D converter results in a digital number value as output. One type of 
A/D converter, which is discussed in "The Art of Electronics" along with the D/A 
converters above, is successive approximation. In successive approximation, a 
digital number value output is identified by searching through a set of possible 
outputs. At each stage of the process, a digital number value is passed as input to 
a D/A converter, the output of which is compared to the analog input being 
converted. On the basis of a comparator output, a next possible digital number 
value is selected. The D/A converter output successively approximates the analog 
input to the A/D converter until the digital number value desired for the A/D 
converter output is found. 

In a related patent application entitled PARALLEL AND SHARED 
PARALLEL ANALOG-TO-DIGITAL CONVERSION FOR DIGITAL 
IMAGING, the author of the present invention proposed a technique in which 
A/D conversion for multiple sensor array analog outputs is performed in parallel. 
The parallel A/D converters shared circuitry rather than using entirely separate 
circuitry. In the context of digital imaging, shared circuitry enables vast savings 
of resources such as power consumption and chip space in implementations of the 
shared A/D conversion technique. 
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In a particular embodiment of the invention, a counter keeps track of an 
elapsed time during which sensor outputs are allowed to change. Once a sensor 
output reaches a threshold voltage, a comparator triggers recording of the count. 
The counter can be shared among multiple sensors. 

It was noted in the application that one example of prior art A/D 
conversion was the use of single-slope integration. A single-slope integration 
A/D converter, as discussed in "The Art of Electronics" and in PARALLEL AND 
SHARED PARALLEL ANALOG-TO-DIGITAL CONVERSION FOR 
DIGITAL IMAGING, compares a voltage ramp to a held analog input voltage 
while a counter keeps track of elapsed time. When the voltage ramp reaches the 

« held analog input voltage, a comparator disables the counter, producing the digital 

O number value desired as output. 

m 

pj DESCRIPTION - THE PREFERRED EMBODIMENT OF THE INVENTION 

ili 

q The preferred embodiment of the invention is a machine used for digital- 

11! 

,! to-analog conversion comprising a first count provided by a first counter, a first 

ill 

III analog reference signal provided by a first analog reference source, and a first 

□ 

]|| digital number value that is to be converted to a first analog value. The preferred 

embodiment also includes means for causing the first count to change as a 
function of time, means for causing the first analog reference signal to change as a 
function of time, means for detecting when the first count reaches the first digital 
number value, and means for recording the value of the first analog reference 
signal as the first analog value when the first count reaches the first digital 
number value. 

In practice, the first count is incremented periodically, and the first analog 
reference signal has a value which corresponds to the first count at any given 
time. For instance, with a uniform mapping of digital number values to analog 
values, the count could begin at a lowest allowed value and increase. 
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Simultaneously, the first analog reference signal could ramp up from the lowest 
allowed analog value. When the detecting means detects that the first count 
reaches the digital number value to be converted, it triggers recording of the first 
analog reference signal value. 

The preferred embodiment of the invention with a periodic count and a 
uniform number mapping is similar to single-slope integration A/D conversion. 
However, instead of an analog input level compared to an analog reference ramp 
with the comparator output triggering recording of a digital count, a digital input 
level is compared to a digital reference count with the comparator output 
triggering recording of an analog signal value. 

□ 

6 DESCRIPTION - ALTERNATIVE EMBODIMENTS OF THE INVENTION 

III 
f 

2: In an alternative embodiment of the invention, there is a second digital 

D 

y number value to be converted to a second analog value, means for detecting when 

f-j the first count reaches the second digital number value, and means for recording 

W the value of the analog output signal at this time as the second analog value. 

Ill 

ill Thus, the invention can include shared circuitry, namely that of the first counter 

n 

j^l and the means for causing the first count to change. 

DESCRIPTION - FIGURE 1 



Figure 1 shows an embodiment of the invention implementing a single 
D/A conversion. The figure includes a digital clock 2 which governs a first 
counter 4. First counter 4 provides first count 6 as an input to first digital 
comparator 8. The other input to first digital comparator 8 is a first digital 
number value 10 which is stored in a first digital register 12. Note that first count 
6 and first digital number value 10 may each have multiple representation 
elements such as bits or digits. 
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First digital comparator 8 has first digital comparator output 14, which is a 
control signal for first sample-and-hold circuit 16. Analog reference source 18 
provides an analog reference signal 20 which is time-varying and which is passed 
as an input to sample-and-hold circuit 16. 

To perform the D/A conversion, the desired input is stored in first digital 
register 12, which provides first digital number value 10 to first digital 
comparator 8. Then, first counter 4 begins counting, while analog reference 
source 18 provides a time-varying output which is analog reference signal 20. For 
instance, first count 6 could begin at a value of zero, and increment upward, while 
analog reference signal 20 begins at a value of zero and increases linearly with 
time. 

The circuitry of first digital comparator 8 determines whether first count 6 
is equal to first digital number value 10. When the two values are equal, first 
digital comparator output 14 triggers first sample-and-hold circuit 16 to sample 
and hold the analog value of analog reference signal 20. 

In an alternative embodiment of the invention which uses the same basic 
layout of figure 1, an input digital number value to be converted to an analog 
output value is loaded into first counter 4 as an initial value of first count 6. First 
digital register 12 holds as first digital number value 10 a first digital threshold 
value. Digital clock 2 controls the change of first count 6, while analog reference 
source 18 provides time-varying analog reference signal 20. First digital 
comparator output 14 triggers acquisition of the value of analog reference signal 
20 by sample-and-hold circuit 16 when first count 6 reaches first digital number 
value 10. 

Figure 1 as first described above implements a form of D/A conversion 
that is analogous to the single-slope AID conversion technique described in "The 
Art of Electronics". Figure 1 as second described above implements a form of 
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D/A conversion that is analogous to the discharge cycle in the dual-slope A/D 
conversion technique described in "The Art of Electronics". However, neither 
operation of the circuits in figure one appears to result in savings of required 
resources, mainly because only one conversion is performed with the circuits 
shown. 

DESCRIPTION - FIGURE 2 

Figure 2 shows an extension of the D/A converter of figure 1 to 
simultaneous conversion of two digital number values to corresponding analog 
signal values. Figure 2 includes all of the circuitry of figure 1, but in addition has 
a second digital register 20 which provides a second digital number value 24 as an 
input to a second digital comparator 26. The other input of second digital 
comparator 26 is first count 6. The second digital comparator 26 has a second 
digital comparator output 28 which is a control signal for a second sample-and- 
hold circuit 30. As an analog input, second sample-and-hold circuit 30 has analog 
reference signal 20. 

To perform the two conversions, first digital number value 10 is stored in 
first digital register 12 and second digital number value 24 is stored in second 
digital register 22. Then, first counter 4 begins counting, while analog reference 
source 18 provides a time-varying output which is analog reference signal 20. 

The circuitry of first digital comparator 8 determines whether first count 6 
is equal to first digital number value 10. When the two values are equal, first 
digital comparator output 14 triggers first sample-and-hold circuit 16 to sample 
and hold the analog value of analog reference signal 20. Likewise, the circuitry of 
second digital comparator 26 determines whether first count 6 is equal to second 
digital number value 24. When the two values are equal, second digital 
comparator output 28 triggers second sample-and-hold circuit 30 to sample and 
hold the analog value of analog reference signal 20. 
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In the embodiment of the invention shown in figure 2, two conversions 
share first counter 4 with its output first count 6, and also analog reference source 
18 with its output analog reference signal 20. It is possible to perform more than 
two conversion with these elements shared. Another useful feature of the 
embodiment of the invention in figure 2 is that first digital register 12, first digital 
comparator 8, first sample-and-hold circuit 16, and their interconnections can be 
structurally identical to second digital register 22, second digital comparator 26, 
second sample-and-hold circuit 30, and their interconnections. Thus, massively 
parallel shared D/A conversion circuitry is very easy to create. 

DESCRIPTION - FIGURE 3 

In figure 2, the digital number values that were inputs to the D/A converter 
were stored in digital registers, analogous to the storage of analog inputs to a 
single-slope integrating A/D converter in a sample-and-hold circuit. However, it 
is not necessary to hold the digital numbers constant. 

Consider the technique of double-slope integrating A/D conversion. In 
this technique, an analog input charges a capacitor for a fixed period of time, 
resulting in a voltage proportional to the analog input. Then, the charge is drawn 
off using a known current source, and the time required for the voltage across the 
capacitor to be restored to its original value is recorded as the A/D converter 
output. 

Figure 3 shows a circuit for parallel conversion of two digital number 
values to two analog signal values. The embodiment of the present invention in 
figure 3 includes a first digital clock 2 which governs both a first counter 4 and a 
second counter 32. The output of first counter 4 is a first count 6, which is an 
input to first digital comparator 8. The output of second counter 32 is a second 
count 34 which is an input to second digital comparator 26. 
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First digital comparator 8 has a first digital comparator output 14 which 
controls a first sample-and-hold circuit 16, and second digital comparator 26 has a 
second digital comparator output 28 which controls a second sample-and-hold 
circuit 30. Both first sample-and-hold circuit 16 and second sample-and-hold 
circuit 30 have as inputs analog reference signal 20, which is provided by analog 
reference source 18. 

A first digital register value 12 provides a second digital number value 10 
as an input to both first digital comparator 8 and second digital comparator 26. In 
operation, a first digital number value to be converted to a first analog value is 
loaded as an initial value of first count 6 in first counter 4, while a second digital 
number value to be converted to a second analog value is loaded as an initial 
value of second count 34 in second counter 32. Then, digital clock 2 causes first 
count 6 and second count 34 to decrement, while analog reference source 18 
provides a time-varying analog reference signal 20. 

First digital comparator 8 compares changing first count 6 to second 
digital number value 10 provided by first digital register 12. When first count 6 
reaches second digital number value 10, first digital comparator output 14 triggers 
first sample-and-hold circuit 16 to sample and hold the value of analog reference 
signal 20. Simultaneously, second digital comparator 26 compares changing 
second count 34 to second digital number value 10. When second count 34 
reaches second digital number value 10, second digital comparator output 28 
triggers second sample-and-hold circuit 30 to sample and hold the value of analog 
reference signal 20. 

In other words, the two conversion measure the time required for first 
count 6 and second count 34 to reach second digital number value 10. A 
particularly useful value of second digital number value 10 is the value zero. 
With such a value, there is no need for second digital register 12 or for 
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interconnections between this register and the digital comparators. The digital 
comparators themselves can be simple logic gates which detect when all of the 
input lines of the changing input counts reach the values corresponding to zero. 
Since a common representation of zero is all logic values being logical low, the 
digital comparators can be implemented with a logical AND operation on all the 
bus lines of each count. 

DESCRIPTION - OTHER EMBODIMENTS 

It is possible to design other D/A circuits that share one or more 
components. For instance, D/A circuits that a counter can be used to implement 
1 j; parallel pulse-width modulated D/A converters. A first digital comparator could 

O compare a changing first count to a held first digital number value, while a second 

m 

)p digital comparator could compare the changing first count to a held second 

© digital number value. Each digital comparator output could be averaged to 

CI 

Ui produce the corresponding desired analog output. 

St 

o 

W In an alternative embodiment, the invention can be used as part of a 

HI 

88 parallel successive-approximation A/D converter. The parallel A/D converter 

Pi 

j?l would convert multiple analog values to multiple digital number values. During 

each cycle of successive approximation, the embodiment of the invention would 
provide shared parallel D/A conversion of multiple digital number values to 
multiple analog values, which would then be compared with the A/D inputs 
during the next cycle. The invention could also be used as part of other types of 
A/D converters such as half-flash A/D converters. 

In another alternative embodiment, a digital clock signal driving the 
counter or counters can have variable frequency, whereby D/A conversions of 
differing precision can use the same circuitry without requiring the clock to 
constantly operate at its highest frequency. This could result in power savings. A 
variable-frequency digital clock also allows control of the mapping between 
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digital input numbers and analog output levels, without any change in the analog 
reference source. Thus a precise, stable analog reference source can be used 
rather than one which must be able to vary the properties of the variation in the 
analog reference signal. 

In still another embodiment, there are means for causing both the first 
count and the first digital number value to change as a function of time. The 
detecting means determines when the time-varying first count reaches the time- 
varying digital number value. The recorded value of the analog reference signal 
then measures the time required for the difference between the two time-varying 
digital quantities to reach zero. The idea of having both a digital input to be 
converted and a digital reference that change with time can be extended to the 
© embodiments of the invention with multiple inputs to be converted. 

m 
-p 

^ CONCLUSION, RAMIFICATIONS, AND SCOPE 

ill 

The reader will see that the present invention has several advantages over 
j prior art techniques for D/A conversion. Using the present invention, it is 

i y 

iXl possible to implement massively-parallel D/A conversion in which converter 

© 

i|l components are shared, resulting in reduced implementation cost. Simple 

circuitry can be easily scaled, making massively-parallel design a matter of 
making a single converter circuit and replicating non-shared parts. Another 
benefit of parallel D/A conversion is allowing high-speed processing systems 
which do not require high-speed converters. 

The invention is particularly useful in applications where there are 
multiple digital numbers to be converted to analog values. An example of such an 
application is image display, in which parallel picture elements or pixels form the 
image. The pixels may be driven so as to produce analog signals. Another 
example is in communications, either analog or digital. In communications, an 
analog signal conveys information from a transmitter to a receiver. The analog 
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signal must conform to particular requirements as to shape and frequency 
components. Another example is in shared parallel A/D conversion using 
successive approximation, with a D/A converter implemented according to the 
present invention being a part of several parallel A/D conversion circuits. 

The description above contains many specific details relating to A/D 
conversion techniques, D/A conversion techniques, precision, conversion times, 
circuit design, conversion rates, sample-and-hold circuits, digital comparators, 
digital registers, counters, and applications. These should not be construed as 
limiting the scope of the present invention, but as illustrating some of the 
presently preferred embodiments of the invention. The scope of the invention 
should be determined by the appended claims and their legal equivalents, rather 
than by the examples given. 
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